An accurate estimation of hydraulic fluxes in the vadose zone is essential for the prediction of water, nutrient and contaminant transport in natural systems. The objective of this study was to simulate the effect of variation of boundary conditions on the estimation of hydraulic properties (i.e. water content, effective unsaturated hydraulic conductivity and hydraulic flux) in a one-dimensional unsaturated flow model domain. Unsaturated one-dimensional vertical water flow was simulated in a pure phase clay loam profile and in clay loam interlayered with silt loam distributed according to the third iteration of the Cantor Bar fractal object Simulations were performed using the numerical model Hydrus 1D. The upper and lower pressure heads were varied around average values of -55 cm for the near-saturation range. This resulted in combinations for the upper and lower constant head boundary conditions, respectively, of -50 and -60 cm, -40 and -70 cm, -30 and -80 cm, -20 and -90 cm, and -10 and -100 cm. For the drier range the average head between the upper and lower boundary conditions was set to -550 cm, resulting in the combinations -500 and -600 cm, -400 and -700 cm, -300 and -800 cm, -200 and -900 cm, and -100 and -1,000 cm, for upper and lower boundary conditions, respectively. There was an increase in water contents, fluxes and hydraulic conductivities with the increase in head difference between boundary conditions. Variation in boundary conditions in the pure phase and interlayered onedimensional profiles caused significant deviations in fluxes, water contents and hydraulic conductivities compared to the simplest case (a head difference between the upper and lower constant head boundaries of 10 cm in the wetter range and 100 cm in the drier range).
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INTRODUCTION
Uncertainty is a factor of major influence in several areas in which scientists have to propose models and explanations of natural phenomena that cannot be comprehensively measured or characterized due to inherent spatial and/or temporal variability of processes and properties under evaluation. This is the case in unsaturated groundwater modeling, where hydraulic properties have to be estimated and characterized across areas/volumes that can range from a few centimeters to several kilometers. The modeling of natural systems is usually rather complex. The first major challenge is to develop an adequate conceptual model. If the conceptual model is inadequate, chances are that the whole modeling process will fail at some point, since the conceptual model is the foundation of the modeling process (Bredehoef, 2005) . The second is to "feed" the mathematical model with representative estimations of the field parameters. Scaling and spatial variability should be considered. The measured values may represent an area of a few tens of square meters or a much larger area, depending on the characteristics of the subsurface material. Statistics and geostatistics are useful techniques in this context, since they can be used to define the minimum number of samples to adequately represent the population and spatial variability structure.
Several approaches have been used to evaluate the effect of uncertainty in groundwater models. Gaganis & Smith (2006) developed a stochastic per-datum approach to take uncertainty in groundwater predictions into account. Although not validated for real-world situations, the parameter-vector approach seems to be a better way of dealing with uncertainty than the usual single-value approach (Gaganis & Smith, 2006) . Zhang et al. (2006) evaluated uncertainties in unsaturated zone flow and transport parameters at a Yucca Mountain site in variations of the fracture and matrix permeabilities and capillary strength, generating eight parameter sets, in addition to the baseline case. In general, uncertainties in matrix parameters caused larger uncertainties in simulated liquid fluxes than uncertainties in fracture properties.
The distribution of layers of materials with different physical and hence hydraulic properties is also a source of uncertainty in hydraulic models. Dillah & Protopapas (2000) evaluated uncertainty propagation in soils composed of two layers in various fine-overcoarse and coarse-over-fine configurations and using nonrandomized and randomized layering arrangements, by the Monte Carlo technique. They also evaluated the effect of varying initial and boundary conditions in the domain. The main conclusions of their study were: (a) randomization does not significantly affect the average head profiles, but does affect the variance profiles; (b) increase in uniform initial water contents causes a decrease in variance peaks, and (c) no characteristic trend for uncertainty behavior was observed in increases in supply rate (Dillah & Protopapas, 2000) . Other alternative approaches to deal with uncertainty are maximum likelihood, Bayesian average (Neuman, 2003) and fuzzy set theory (Schultz & Huwe, 1997) .
Hydrus is a family of numerical models used to simulate the flux of water, heat and solutes in the vadose zone. Currently three versions are available; the first, Hydrus 1D, was developed at the U.S. Salinity Lab, of the United States Department of Agriculture (Simunek et al., 2005) and may be downloaded free of charge, while 2D and 2D/3D are commercial versions (Simunek et al., 1999) . Hydrus software has been extensively used for simulating fluxes in numerical domains, covering a diverse range of soils and scenarios (e.g. Simunek & van Genuchten, 2008; Simunek et al., 2009; Pontedeiro et al., 2010) . Ideally, simulations should be matched and compared to field or laboratory data, but numerical models such as Hydrus can also be used for simulation only studies, as an approximate representation of real-world scenarios when such data are not available or difficult to obtain (e.g.: Pontedeiro et al., 2010) . The accuracy and precision of the Hydrus simulations depend on the type of simulated problem (heat, water or solute transport), type of simulation (forward or inverse problem) and on the choice of values and discretization of statistical parameters, time parameters and initial boundary conditions, and on the choice of models available in the software for each simulation type (Simunek et al., 2005 ).
As mentioned above, one of the main sources of uncertainties in groundwater models is the formulation of the conceptual model. A wrong conceptualization of the problem can translate into wrong prescription of boundary conditions and parameter regions. The objective of this study was to simulate the effect of variation of boundary conditions (erroneous conceptualization of the model) on the estimation of hydraulic properties (i.e. water content, effective unsaturated hydraulic conductivity, and hydraulic flux) in a one-dimensional unsaturated flow model domain. The hypothesis of the study is that variations in boundary conditions will significantly affect flow predictions in an unsaturated system.
MATERIAL AND METHODS

Numerical simulations
Fluxes in a one-dimensional domain were simulated using Hydrus 1D software, version 3.01 (Simunek et al., 2005) , from May to July 2008, at the Earth Sciences Department of the University of Tennessee, Knoxville. Two scenarios were created: in the first case, a vertical, steady-state downward water flow on a one-dimensional clay loam column ( Figure 1a) ; in the second, a steady-state vertical flow on a clay loam column interlayered with silt loam (Figure 1b) . The layers were distributed according to the 3 rd iteration of a Cantor Bar with fractal dimension D = log(2)/log(3) ≈ 0.6309 and b = 3 (Figure 1a and Leão & Perfect, 2010) . Basically, in both domains, the upper and lower boundary conditions were fixed heads, while the left and right sides were no-flow boundaries (Figure 1 ). The flux was left to vary freely, to adjust to the fixed boundary conditions in the numerical model.
Five pressure head gradient scenarios were created for the wet and dry range simulations. For the wet range, the average head between the upper and lower boundary conditions was fixed at -55 cm. This resulted in combinations of upper and lower constant head boundary conditions of -50 and -60 cm, -40 and -70 cm, -30 and -80 cm, -20 and -90 cm, and -10 and -100 cm, respectively. For the drier range the average head between the upper and lower boundary conditions was set to -550 cm, resulting in the combinations of -500 and -600 cm, -400 and -700 cm, -300 and -800 cm, -200 and -900 cm, and -100 and -1,000 cm, for upper and lower boundary conditions, respectively. Both average pressure head scenarios were simulated in the layered and pure phase systems, resulting in 20 simulations. The ranges of pressure heads were chosen so as to generate an increase in the head gradient between the upper and lower boundary conditions around the fixed average values of -55 and -550 cm. The uncertainty was evaluated in terms of hydraulic flux deviation from the lowest gradient case: -50 to -60 cm in the wet range and -500 to -600 cm in the drier range. Deviations in hydraulic conductivity and water contents were also investigated.
The simulations were performed using the Brooks & Corey (1964) hydraulic models (Simunek et al., 2005) :
and
where: S e = Effective water saturation (-), α = Inverse of the air entry head value (cm -1 ), h = Soil pressure head (cm), n = Pore-size distribution index (-), l = Poreconnectivity index (-), θ = Volumetric water content (cm 3 cm -3 ), θ r = Residual water content (cm 3 cm -3 ), θ s = Saturated water content (cm 3 cm -3 ), K(h) = Unsaturated hydraulic conductivity (cm h -1 ), and K s = Saturated hydraulic conductivity (cm h -1 ).
The Brooks and Corey parameters for the clay loam and silt loam soils from Hydrus 1D software are presented in table 1. Hydrus 1D uses a modified form of Richard's equation to deal with the uniform (equilibrium) water movement in a partially saturated rigid porous medium (Simunek et al., 2005) . (4) where: q is the hydraulic flux (cm h -1 ), h = Pressure head (cm), θ = Volumetric water content (cm 3 cm -3 ), t = Time (h), x = Spatial coordinate (cm) (positive upward), S = Sink term (cm 3 cm -3 h), δ = Angle between flow direction and vertical axis (i.e., δ = 0 °f or vertical flow, 90 ° for horizontal flow, and 0 ° < δ < 90 ° for inclined flow), K(h, x) = Unsaturated hydraulic conductivity function (cm/h) given by:
where: K r = Relative hydraulic conductivity, K s (x) = Saturated hydraulic conductivity (cm h -1 ). For downward vertical flow without water loss (e.g., by root absorption) cos δ = 0° = 1 and S is set to zero.
The numerical model domain was a onedimensional column (height 10 cm). Hydrus 1D software was set to simulate a direct solution (forward problem) of water flow in response to a fixed hydraulic gradient, given by the upper and lower boundary conditions. The time discretization scenario was a 100 h experiment, with initial, minimum and maximum time steps of 0.01 h, 0.0001 h and 1 h, respectively. The hydraulic properties of the simulated soils were obtained from Hydrus 1D soil catalog. In Hydrus the soil profile is discretized into N-1 adjoining elements, where the ends of the elements are located at the nodal points, and N is the number of nodes. A mass-lumped linear finite element scheme was used to discretize the mixed form of Richards' equation, which is equivalent to a standard finite elements scheme (Simunek et al., 2005) . Hydrus assumes the pressure head boundary conditions as first-type (Diriletch) boundary conditions. As Hydrus 1D assumes that the vertical coordinate z is positive upward, unsaturated hydraulic conductivity for unidirectional vertical hydraulic flux can be calculated as:
where K(θ) is the unsaturated hydraulic conductivity (cm h -1 ).
Statistical analyses
Statistical analyses were performed using R software (Fox, 2002) . The procedure lm was used to perform linear regression analysis, to compare the hydraulic properties estimated from pure phase with layered numerical simulation schemes:
where: H P = Hydraulic property estimated from pure phase system, H L = Hydraulic property estimated from layered system, β 1 = Slope of the regression line, β 0 = Intercept of the regression line. The validity of the linear regression analyses was evaluated using the F test from regression and the validity of the coefficients by the t test for regression (Davis, 2002) .
RESULTS AND DISCUSSION
Pure phase system
The pure phase simulated columns was composed of clay loam material (Table 1 ). The pressure head distribution in the 1D column is shown in figure 2a for the near-saturation range (NS) and figure 2b for the drier range (DR). Although the two cases were one order of magnitude apart, the behavior of the pressure head profiles was very similar. As the difference in the upper and lower constant head boundaries increases, from 10 to 90 cm in NS and 100 to 900 cm in DR, the nonlinearity of the head distribution profiles increases (Figure 2) . The volumetric water content in the columns increases with the increase in head difference (Figure 3a,b) . The increase in water content with the head difference is mainly due to the increase in nonlinearity in the pressure head distribution. As the head difference increases, the head along the column tends to move asymptotically closer to the upper (higher) boundary condition, with a sharp head decrease close to the bottom of the column (Figure 2 ).
The Hydrus 1D forward model begins with a linear distribution of heads along the column and then solves the optimization problem using a hydraulic model (e.g. van Genuchten-Mualem, modified van Genuchten, Kosugi, Brooks & Corey) (Simunek et al., 2005) . In this study the Brooks and Corey model was used for being the simplest and therefore less prone to cause numerical instabilities. The increase in gradient and water content along the column with the increase in head difference leads to an increase in hydraulic flux (Figure 3c,d) . The flux increase is closer to linear in NS and more exponential-like in DR. This can be explained by the fact that the increase in the differences between constant head boundary conditions is one order of magnitude higher in DR than in NS. For the same reason, the estimated fluxes in the DR are one order of magnitude lower than in NS. One immediate conclusion from the data is that perturbations in boundary conditions in unsaturated media will be more problematic under near-saturation than under drier conditions. This is critical when modeling contaminant transport in the vadose zone, where fluxes are easily under-or overestimated, resulting in inadequate assessment of subsurface contamination risks.
Calculated unsaturated hydraulic conductivities increase with the head differences in both NS and DR (Figure 3e,f) . The hydraulic conductivity values in DR are two orders of magnitude lower than in NS. This confirms that perturbations in boundary conditions can cause larger errors in hydraulic conductivities estimations at higher water contents (near-saturation) than in dry soils.
Layered system
The layered column contained clay loam interlayered with silt loam soil (Figure 1a) . The horizontal layers were distributed according to the third iteration of a deterministic Cantor Bar (Leão & Perfect, 2010) . The inclusion of layers of coarse grain material introduced changes in the behavior of hydraulic properties in the system. A previous study also found variations in another hydraulic parameter, soil sorptivity, as the content of coarse-grained material increased in columns simulated in 2D environment (Leão & Perfect, 2010) . The pressure head profiles were not as smooth as in the case of the pure system. The instabilities in the head distribution are due to the silt loam layers with distinct hydraulic parameters (Figure 4 , and also Table 1 ). Aside from small-scale instabilities, the overall shape of the pressure head profiles in the layered media was similar to the pure phase system. Nonlinearity increases as the pressure head difference between the upper and lower boundary conditions increases. The effective water contents in the layered media were generally higher than in the pure phase profiles (Figure 5a,b) . This is because at high to intermediate pressure heads, as adopted here, the water-holding capacity of silt loam was greater than of clay loam soil.
The instabilities in the pressure head distributions and increased water contents in the layered systems affected the hydraulic flux (shown in Figure 5c the 1D profile. In the DR the difference was not very significant compared to the pure phase system (Figures 3d and 5d ). However, in the near-saturation range, the fluxes in the layered system were about twice as high as those observed in the pure phase system (Figures 3c and 5c ). In the same gradients, the inclusion of coarser-grained layers increased the fluxes. The effective hydraulic conductivities were also higher in the layered systems (Figure 5e,f) . Heterogeneity plays an important role in the water and contaminant transport in unsaturated media. Incorrect estimations of physical and hydraulic properties in soil layers/horizons can significantly affect the estimations of mass transport in unsaturated soil/sediment profiles.
Comparison of results
The results of water contents, fluxes and hydraulic conductivities between the pure and layered systems were quantitatively compared ( Figure 6 ). In general, the agreement of the estimates of the systems was very good. The coefficient of determination was 0.99 for water contents and fluxes and 0.98 for hydraulic conductivities. The intercepts (β 0 ) were not significantly different from zero for fluxes (Pr > |t| = 0.26077) and hydraulic conductivities (Pr > |t| = 0.4781). The slopes of the regression lines were all below one (β 1 = 0.7145 for water contents; β 1 = 0.6305 for fluxes; and β 1 = 0.6539 for hydraulic conductivity). Clay loam predicted fluxes were 0.63 times lower than 
Hydraulic conductivity
Nonlinear regression analysis was used to compare hydraulic conductivity between layered and pure phase systems. In both the wet and dry ranges, the relationship between hydraulic conductivity and pressure head was clearly exponential. Linearization by logarithm transformation did not make the data suitable for linear regression. Therefore, a simple exponential model was fitted to the curves using nonlinear regression procedures with the R software (Fox, 2002) :
where: K(h) = Unsaturated hydraulic conductivity (cm h -1 ), h = Pressure head difference between boundary conditions (cm), γ and β = Empirical coefficients.
Since the coefficients from the regression in Excel were different from those of R, only the R coefficients were reported (Table 2 ). Based on standard errors and estimates of the parameters γ and β, the functions for the layered and pure phase systems were significantly different in the wet and not significantly different in the dry range, indicating that the presence of layers did not affect hydraulic conductivity in drier soil. However unsaturated hydraulic conductivities differed significantly between water content ranges (i.e. wet and dry), as expected, since unsaturated hydraulic conductivity is a function of the water content.
Error analysis
To calculate the error in estimated fluxes that would be caused by setting erroneous boundary conditions for a steady state flow system in porous materials we assumed that the lowest gradients (10 cm in a wetter and 100 cm in a drier range), with upper and lower pressure heads BC of -50 and -60 cm for the wet and -500 and -600 cm for the dry range, would be the true values, while the increasing simulated gradients would represent an erroneous conceptualization of the system. The error was calculated as the percent increase in hydraulic flux with the increase in pressure head gradient. For the pure phase and layered systems, both under wetter and drier conditions, the error increased exponentially those predicted for the system with silt loam layers, showing that coarse material layers can increase fluxes in the vadose zone. with the increase in pressure head gradient (Table 3) . For pure phase system the maximum error reached 1131.7 % for wet range and 4670.7 % for dry range, corresponding to gradients of 90 and 900 cm, respectively. Similar results were found for layered systems, where the maximum error reached 1406.9 % for the wet and 4852.2 % for the dry range. In other words, a relatively small error in the conceptualization of a flow system in the vadose zone can induce rather large errors in the predicted fluxes. At the end of a 24 h period the cumulative flux through the pure phase system simulated in this study would amount to 1.74 cm in the baseline case (10 cm gradient) increasing to 21.10 cm for the 90 cm gradient. This could lead to drastic changes in the calculated recharge rates for an aquifer or induce considerable errors in the estimated amount of contaminants or plant nutrients transported to groundwater and/or available to root absorption.
CONCLUSIONS
1. Variations in boundary conditions induced larger errors in calculated hydraulic conductivities at nearsaturation water content values.
2. Predicted unsaturated hydraulic conductivities did not differ between the simulated interlayered and pure phase systems under drier conditions but were significantly different in the wetter range.
3. Coarser-grained silt loam layers interlayered with finer clay loam layers increased predicted fluxes in unsaturated media.
4. Errors in prescribed boundary conditions can induce serious errors in estimated fluxes in unsaturated media, which were greater under drier conditions in the layered system. Table 3 . Estimated hydraulic flux error with variation in boundary conditions assuming the lowest gradient (-50 to -60 cm and -500 to -600 cm) as baseline cases
